Mandelate racemase (MR) serves as a paradigm for our understanding of enzyme-catalyzed deprotonation of a carbon acid substrate. To facilitate structure-function studies on MR using non-natural amino acid substitutions, we engineered the Cys92Ser/Cys264Ser variant (dmMR) as a platform for introducing Cys residues at specific locations for subsequent covalent modification. While the highly reactive thiol of Cys furnishes a site for chemical modification, site-specificity requires that other Cys residues be non-reactive or replaced by a non-reactive amino acid, especially if chemical modification is conducted under denaturing conditions. The catalytic efficiency of dmMR is reduced only~2-fold relative to wild-type MR, making dmMR a viable platform for the site-specific introduction of Cys. As an example, the inactive Lys166Cys variant of dmMR was treated with ethylenimine under denaturing conditions to replace the Brønsted acid-base catalyst Lys 166 with the non-natural amino acid γ-thialysine.
Introduction
Mandelate racemase (MR, E.C. 5.1.2.2) is a member of a large group of enzymes known as the enolase superfamily (Babbitt et al., 1995) , which all share a common partial reaction (i.e. the metal-assisted, Brønsted base-catalyzed abstraction of the α-proton from a carboxylate substrate to form an enol(ate) intermediate) and a bidomain structure (a (β/α) 7 β-barrel domain and α+β capping domain) (Babbitt and Gerlt, 1997; Gerlt and Babbitt, 2001; Gerlt et al., 2005 Gerlt et al., , 2012 . Upon formation of the enol(ate) intermediate, a variety of reactions such as 1,1-proton transfers (i.e. racemization and epimerization), β-eliminations (i.e. dehydration or elimination of ammonia), or intramolecular addition/elimination reactions (i.e. cycloisomerization) may occur depending on the specific enzyme. MR from Pseudomonas putida is the well-characterized archetype of the enolase superfamily that has served as a paradigm for understanding how enzymes catalyze the difficult chemical reaction of carbon acid deprotonation Gerlt, 1998; Bearne and St. Maurice, 2017) . The enzyme utilizes a two-base mechanism to catalyze the Mg 2+ -dependent, 1,1-proton transfer reaction that interconverts (R)-and (S)-mandelate as shown in Scheme 1A. Lys 166 acts as a Brønsted base to abstract the α-H from (S)-mandelate to generate the aci-carboxylate intermediate, which is then reprotonated from the opposite side by the Brønsted acid His 297 to yield (R)-mandelate. In the opposite direction, the roles and pK a values of Lys 166 and His 297 are reversed Powers et al., 1991; Landro et al., 1994; Kallarakal et al., 1995) . Hence, it appears that the ionization states of Lys 166 and His 297 depend on the stereochemistry of the substrate that occupies the active site, although no direct demonstration of this effect has been provided, either through nuclear magnetic resonance (NMR) spectroscopic methods or structural analyses (e.g. neutron or X-ray diffraction). Indirect methods such as construction of pH-rate profiles have been used to estimate the pK a values of Lys 166 and His 297 (Landro et al., 1991; Kallarakal et al., 1995) , but the protonation equilibria of specific lysine side chain amines (i.e. intrinsic pK a ) can be better studied using NMR spectroscopy (McIntosh et al., 1996; Poon et al., 2006) because chemical shifts can be assigned to individual nuclei of specific residues, and their direction and magnitude are indicative of particular interactions as well as the protonation state (Song et al., 2003) . Consequently, we sought to engineer a variant of MR in which non-natural amino acid analogs (e.g. γ-thialysine, or its 15 N-and/or 13 C-containing derivatives) could be substituted for Lys 166 to probe structure-function relationships.
As a prerequisite for such studies, it is necessary to construct a Cys-free variant of MR to serve as a 'platform' for the site-specific introduction of a reactive Cys residue elsewhere in the protein for subsequent chemical modification. MR contains two Cys residues: Cys 92 is located near the tip of the interdigitating loop that forms part of the hydrophobic binding pocket for the phenyl ring of the substrate (Bearne, 2017) , while Cys 264 is located farther from the active site on a loop connecting one of the α-helices with a β-strand in the barrel domain (Fig. 1A) . In the present study, we generate such a 'cysteine-free' platform using site-directed mutagenesis and show that this variant exhibits kinetic and stability properties similar to wildtype MR. We then replace the Brønsted acid-base catalyst Lys 166 in this doubly mutated variant with Cys and show that chemical modification with ethylenimine generates an active enzyme in which the Lys 166 is replaced by the non-natural lysine analog γ-thialysine.
Materials and Methods

General
All reagents, unless mentioned otherwise, were purchased from SigmaAldrich Canada Ltd (Oakville, ON). Ethylenimine was purchased from Chem Service (West Chester, PA). All reagents were of the highest quality available and were used without further purification. Immobiline DryStrips and the Ettan IPGphor II isoelectric focusing system were purchased from Amersham Biosciences (Baie d'Urfé, QC). Amicon centrifugal filter devices (10-kDa molecular weight cut-off) were purchased from Millipore (Billerica, MA). Circular dichroism (CD) spectral measurements were conducted using a JASCO J-810 spectropolarimeter (Jasco Inc., Easton, MI). Differential scanning calorimetry (DSC) measurements were conducted using a MicroCal VP-DSC microcalorimeter (Malvern Instruments Ltd, Northampton, MA).
Site-directed mutagenesis
The plasmids expressing the MR variants C264S-MR, C92S/C264S-MR (dmMR) and C92S/C264S/K166C-MR (tmMR) were constructed using the QuikChange Site-Directed Mutagenesis Kit (Stratgene, La Jolla, CA) with the primers indicated below and following the protocols described by the manufacturer. The pET-52b (+)-wild-type MR plasmid (Narmandakh and Bearne, 2010) was first used as the template to create the mutant plasmid encoding C264S-MR. This mutant plasmid was used as the template to create the plasmid encoding C92S/C264S-MR. Finally, the mutation encoding K166C was introduced into the dmMR-encoding plasmid to generate the plasmid encoding tmMR. Reactions were conducted using Pfu Turbo DNA polymerase (Bio Basic Inc., Markham, ON). The forward (F) and reverse (R) synthetic deoxyoligonucleotide primers used to construct the mutants were 5′-CGCAAAACG CTTCA GCCTGGCAGGTTATACGGG-3′ (F, C92S), 5′-CCCGTATAA CCTGCCAG GCTGAAGCGTTTTGCG-3′ (R, C92S), 5′-GCATT GAGCATCGGTGCAAGCCGGTT GGCTATGCC-3′ (F, C264S), 5′-GGCATAGCCAACCGGCTTGCACCGATGCTCAA TGC-3′ (R, C264S), 5′-GCGG TTAAGACCTGCATCGGCTATCCGGC-3′ (F, K166C) and 5′-GCCGGATAGCCGATGCAGGTCTTAACCGC-3′ (R, K166C). The codons specifying the relevant modified amino acids are underlined, and the altered bases are shown in boldface. After site-directed mutagenesis, mutant plasmids were used to transform competent Escherichia coli DH5α cells for plasmid maintenance. Each mutant open reading frame was sequenced using commercial Scheme 1 (A) Reaction catalyzed by mandelate racemase. (B) The dmMR variant serves as a platform for substitution of a given amino acid residue by a Cys residue through site-directed mutagenesis (SDM). This allows for subsequent modification of the Cys, e.g. by ethylenimine.
automated DNA sequencing (Robarts Research Institute, London, ON) to ensure that no other alterations in the nucleotide sequence had been introduced. E. coli BL21(DE3) cells were used as the host for target gene expression, and the overproduced StrepII-tagged mutant MRs were purified as described previously (Narmandakh and Bearne, 2010) .
Chemical modification of tmMR-Cys 166
Chemical modification of Cys 166 in tmMR was conducted under denaturing conditions using ethylenimine. The aminoethylation reaction was conducted by adding tmMR (1.2 mg/ml) into Na + -HEPES buffer (0.1 M, pH 8.5) containing MgCl 2 (3.3 mM) and urea (6 M), followed by addition of ethylenimine (168 mM). This reaction mixture (10 ml) was incubated for 12-14 h with minimal stirring at 25°C and then dialyzed overnight against assay buffer (~1.0 L) in a gradient manner as described previously (Kohyama et al., 2010) , followed by dialysis against assay buffer (2 × 500 ml) for 8 h. After dialysis, precipitated protein was removed by ultracentrifugation (110 000 × g) at 4°C for 20 min and the supernatant containing the soluble aminoethylated tmMR (tmMR-thiaLys) was aliquotted and stored at -20°C. The protein concentration was determined from the absorbance at 280 nm (ε 280 = 53 400 M 
Kinetic characterization of dmMR and tmMR-thiaLys
The activity of the various MR variants was determined using a CDbased assay similar to that described by Sharp et al. (1979) . All assays were conducted at 25°C in Na + -HEPES buffer (0.1 M, pH 7.5) containing MgCl 2 (3.3 mM) (i.e. assay buffer) and BSA (0.005% w/v). Initial velocities for the inter-conversion of mandelate enantiomers were determined by following the change in ellipticity at 262 nm, using a quartz cuvette with a 1-cm light path. The concentrations of mandelate ranged from 0.25 to 18.00 mM. Substrate solutions were incubated at 25°C prior to initiation of the reaction by addition of freshly thawed dmMR or tmMR-thiaLys stock to yield a final protein concentration of 0.16 and 2.5 μg/ml, respectively.
The values of V max and K m were determined from plots of the initial velocity (v i ) versus substrate concentration ([S]) by fitting Equation (1) to the data using non-linear regression analysis with the KaleidaGraph v. 4.02 software from Synergy Software (Reading, PA). Protein concentrations were determined using either the Bio-Rad protein assay (Bio-Rad Laboratories, Mississauga, ON, Canada) with BSA standards or by measuring the absorbance at 280 nm using an extinction coefficient of 53 400 M −1 cm −1 that was calculated using the ProtParam tool available on the ExPASy server (Gasteiger et al., 2003) . 
pH studies
The kinetic parameters, k cat and k cat /K m , were determined in both reaction directions (R→S and S→R) for the dmMR and tmMRthiaLys variants over a pH range of 5.5-10.0 using various buffers (100 mM) containing MgCl 2 (3.3 mM) and BSA (0.005%): MES (pH 5.5, 6.0 and 6.5), PIPES (pH 6.5 and 7.0), HEPES (pH 7.0, 7.5 and 8.0), TAPS (pH 8.0, 8.5 and 9.0) and CHES (pH 9.0, 9.5, 9.75 and 10.0). The enzyme concentrations and substrate concentrations used at each pH value are listed in Supplementary Table S1 . It was necessary to use different enzyme concentrations and substrate concentrations at higher pH values to facilitate measurement of the kinetic parameters. Equations (2-4) were fit to the pH-rate data (where y is either k cat or k cat /K m ) using non-linear regression with the KaleidaGraph v. 4.02 software.
y y log log log 1 10 10 2
y y log log log 1 10 3
y y log log log 1 10 4
Viscosity dependence
The dependence of the dmMR-and tmMR-thiaLys-catalyzed racemization of (R)-and (S)-mandelate on the viscosity of the solution was evaluated as described previously (St. Maurice and Bearne, 2002 ) using sucrose as the viscosogen because sucrose does not induce major perturbations in MR structure up to a concentration of 35% (w/v) (St. Maurice and Bearne, 2002) . Briefly, stock solutions of varying concentrations of sucrose were prepared in assay buffer at twice the desired final concentration and subsequently diluted 1:1 with assay buffer. Reaction mixtures were prepared in rectangular quartz cuvettes with a 0.5-cm light path. Typically, 400 μL of (R)-mandelate (0.25-15 mM) or (S)-mandelate (0.5−22.5 mM) in Na + -HEPES buffer (0.1 M, pH 7.5) containing MgCl 2 (3.3 mM) was mixed with 500 μL of the viscosogencontaining stock solution (prepared at twice the desired final concentration). The reaction was initiated by addition of the MR variant (100 μL such that the final concentrations of dmMR and tmMR-thiaLys were 0.16 μg/ml and 2.12 μg/ml, respectively) in Na + -HEPES buffer (0.1 M, pH 7.5) containing MgCl 2 (3.3 mM) and BSA (0.005%).
Isoelectric focusing
The extent of covalent modification of Cys 166 with ethylenimine to yield a γ-thialysine in tmMR was quantified using isoelectric focusing (IEF). Samples (10 μL, containing~10-20 μg protein) dissolved in rehydration IEF buffer solution (340 μL, containing urea (8 M), CHAPS (2%), IPG buffer (0.5%) and trace amounts of bromophenol blue G-250) were transferred (distributed evenly) into ceramic strip holders, followed by careful placement of the Immobiline DryStrip (18 cm) with a linear pH range of 5.3-6.5 (GE Healthcare) while the gel side was facing down. The strip was then overlaid with DryStrip Cover Fluid and allowed to rehydrate for 16 h at 20°C before IEF was conducted using an Ettan IPGphor. The IEF voltage was applied in steps: (1) step and hold 500 V, 3 h; (2) gradient 1000 V, 2 h; (3) gradient 8000 V, 3 h and (4) step and hold 8000 V, 8 h. Following the IEF, the strips were rinsed with autoclaved ddH 2 O to remove excess DryStrip Cover Fluid and stained with either a colloidal stain (Anderson, 1991) or Coomassie blue R-250 followed by destaining to visualize the bands. Quantification of the intensity of the gel bands was conducted using ImageJ software (Schneider et al., 2012) .
Differential scanning calorimtery
For DSC measurements, the concentrations of wild-type MR, dmMR and tmMR were 0.3 mg/ml (7.27 μM) each in Na + -HEPES buffer (0.1 M, pH 7.5) containing MgCl 2 (3.3 mM). Samples were degassed for 10 min prior to addition to the thoroughly-cleaned (20% v/v solution of Contrad 70 followed by exhaustive rinsing with deionized water) sample cell. A series of buffer scans were conducted before each sample scan to ensure baseline reproducibility. Melting scans were conducted from 20°C to 80°C at a scan rate of 45°C/h with the pre-scan thermostat period set at 15 min and a filter period of 10 s in the passive feedback mode. The DSC thermograms were analyzed using the Origin 7.0 software (MicroCal, Northampton, MA). The excess heat capacity profiles were obtained by subtracting the reference data (buffer scan) from the sample data as a function of temperature and carrying out concentration normalization. A baseline for the reaction heat data was then created by establishing a left and right linear segment and connecting them by a cubic polynomial. After baseline creation, a range of data was selected and integrated to obtain the thermal transition midpoint (T m ). The reported T m values are the averages from three determinations; the errors are the standard deviations (SD).
Protein refolding
The ability of wild-type MR, dmMR and tmMR to undergo refolding after denaturation in 6.0 M urea was assessed by denaturing the MR variants (0.23 mg/ml in a total volume of 10 ml) in 10 mM Na + -HEPES buffer, pH 7.5, containing MgSO 4 (3.3 mM) and urea (6.0 M). After a 2-h incubation at 25°C, the samples were dialyzed for 6 h against 500 ml of 10 mM Na + -HEPES buffer, pH 7.5, containing MgSO 4 (3.3 mM) and successively lower concentrations of urea (4.0, 2.0, 1.0 and 0 M). When the urea concentration reached 0 M, the sample was further dialyzed against 500 ml of fresh buffer for 2 × 6 h. The samples were then diluted to obtain a final concentration of protein equal to 100 μg/ml and the CD spectra recorded in triplicate from 280 nm to 200 nm at 25°C using a quartz cuvette with a 0.1-cm light path. Similarly, the CD spectrum of the buffer was obtained in triplicate, averaged and subtracted from each of the averaged spectra for the MR variants.
Results
Kinetic characterization of dmMR and tmMR-thiaLys
Site-directed mutagenesis and chemical modification were used in a stepwise strategy to replace the Brønsted acid-base catalyst Lys 166 with an isosteric γ-thialysine residue. First, Cys 92 and Cys 264 in wild-type MR were replaced by Ser residues using site-directed mutagenesis to create a doubly mutated C92S/264S-MR variant (dmMR) to avoid aminoethylation of these residues during chemical modification under denaturing conditions. All kinetic parameters of dmMR were similar to those of wild-type MR (Table 1) , suggesting that neither of these cysteine residues is critical for catalysis. However, it is interesting to note that, relative to wild-type MR, the k cat value in the R→S reaction direction is reduced 1.7-fold while the binding affinity (K m ) of (S)-mandelate is reduced~2-fold. Despite this perturbation of the pseudosymmetry of the kinetic constants (Whitman et al., 1985) , the catalytic efficiency (k cat/ K m ) is equivalent in both reaction directions as expected for a racemase, albeit reduced 1.8-fold relative to wild-type MR.
Finally, Lys 166 of dmMR was replaced by Cys to create the triply mutated MR variant (tmMR). This mutant was inactive even when assayed at a higher enzyme concentration (~7.0 μM, cf. [wildtype MR] = 3.0 nM) ( Table 1) . Aminoethylation of Cys 166 of tmMR using ethylenimine (Scheme 1B) under denaturing conditions, followed by refolding, activated the inactive enzyme through formation of γ-thiaLys at position 166 in the active site (i.e. tmMRthiaLys Quantification of the extent of modification using isoelectric focusing
The pI values for wild-type MR (5.77), dmMR (5.77) and tmMR (5.66) were determined using the ProtParam tool on the ExPASy server (Gasteiger et al., 2003) . Hence, the pI value for tmMR-thiaLys is also expected to be within this range. Therefore, an IEF gel strip with a pH range of 5.3-6.5 was used to separate modified tmMR from the unmodified triple mutant (Golemi-Kotra et al., 2004) . As expected, IEF gels containing wild-type MR (strip 1) and dmMR (strip 2) showed major (intense) bands at the same distances from the anode (indicated as '+' in Fig. 2) , consistent with their similar pI values, while tmMR (strip 3) migrated closer to the anode due to its lower pI value (Fig. 2) . In addition, there were minor (less intense) bands in all preparations. The tmMR-thiaLys sample also produced three bands on the IEF gel ( Fig. 2) and analysis using ImageJ (Schneider et al., 2012) suggested similar intensities of all three bands. Considering that all three bands move together as a result of their altered pI value upon modification (bands in strip 4 of Fig. 2 correspond to: (a) unmodified tmMR (≥95%), (b) unmodified tmMR (≥95%) and (c) modified tmMR (starting from anode)), the extent of modification could be estimated as~33%. Therefore, k cat values for tmMR-thiaLys were corrected by multiplying observed k cat values by 3 ( 
Effect of pH on dmMR and tmMR-thiaLys activity
The effect of pH on the kinetic parameters, k cat and k cat /K m , of dmMR and tmMR-thiaLys were studied using (R)-and (S)-mandelate as substrates (Supplementary Table S2 ) and the observed pK a values are summarized in Table 2 . In both the R→S and S→R reaction directions, the dependence of k cat on pH yielded bell-shaped curves with limiting slopes of unity for the ascending and descending limbs (Figs 3A, B and 4A) in all but one case (Fig. 4C) . Such a pH-dependence indicates the presence of two ionizable groups. The pK a of the ascending limb (pK 1es ) could be assigned to deprotonation of the conjugate acid of the Brønsted base that abstracts the α-proton from the carbon acid substrate in the ES complex (Landro et al., 1991; Kallarakal et al., 1995; Schafer et al., 1996) . That said, the pK 1es values from the k cat -pH profiles of dmMR and tmMR-thiaLys when (R)-mandelate was used as the substrate (Figs 3A and 4A) , are 5.98 ± 0.04 and 5.51 ± 0.06, respectively, corresponding to the ionization of His 297 in their respective ES complexes. In the opposite direction, i.e. when (S)-mandelate is the substrate (Figs 3C and 4C) , the pK 1es values of 6.21 ± 0.04 and 5.78 ± 0.03 correspond to ionizations of Lys 166 and γ-thiaLys 166 in the dmMR-and tmMR-thiaLys-(S)-mandelate complexes, respectively. Although controversial (Gerlt, 1998) , the pK a of the descending limb (pK 2es ) could be assigned to the deprotonation of the Brønsted acid catalyst that donates a proton to the aci-carboxylate intermediate (Landro et al., 1991; Kallarakal et al., 1995) . The pK 2es values from the k cat -pH profiles of dmMR and tmMR-thiaLys (Figs 3A and 4A) are 10.16 ± 0.08 and 9.81 ± 0.05 for Lys and γ-thiaLys in the dmMR-and tmMR-thiaLys-(R)-mandelate complexes, respectively. In the S→R reaction direction, the pK 2es value from the k cat -pH profile of dmMR is 10.38 ± 0.13 and corresponds to ionization of His 297 in the dmMR-(S)-mandelate complex (Fig. 3C) . Unfortunately, the pK 2es value of His 297 in the tmMR-thiaLys-(S)-mandelate complex could not be estimated due to the absence of a Fig. 2 Isoelectric focusing of various MR variants under denaturing conditions. Strip 1 contains wild-type MR; strip 2, dmMR; strip 3, tmMR; and strip 4, tmMR treated with ethylenimine, i.e. tmMR-thiaLys. Inset shows densitometric analysis of strip 4 using ImageJ and the indicated peak areas (~15-20% error). The anodic (low pH) and cathodic (high pH) ends of the IEF gel strips are indicated as (+) and (-), respectively. The major and minor bands are indicated as (**) and (*), respectively. descending limb (Fig. 4C) . Considering the pH-profile for wild-type MR in the S→R reaction direction (Landro et al., 1991) , where k cat shows a plateau up to at least pH 9.5, the missing descending limb for tmMR-thiaLys is most probably a result of our inability to reliably assay this variant at pH > 9.5.
The plots of log (k cat /K m ) versus pH for dmMR showed bellshaped dependencies on pH in both the R→S and S→R reaction directions ( Fig. 3B and D) , while the profile for tmMR-thiaLys lacked an ascending limb in the R→S reaction direction (Fig. 4B ) and exhibited only a slight hint of an ascending limb in the S→R Assuming no ionization in the acidic region (solid curve in Fig. 4D ). e Assuming a single ionization in the acidic region (dashed curve in Fig. 4D ). reaction direction (Fig. 4D) . This suggests the presence of two ionizable groups on the free enzyme and/or the free substrate for dmMR. Both ionizations are likely to be associated with the free MR variant since the pK a of mandelic acid lies below the range of 5.5-10 (pK a mandelate = 3.41, (Jencks and Regenstein, 1968) ). In the R→S reaction direction, the values of pK 1e and pK 2e for dmMR are 5.41 ± 0.20 and 8.08 ± 0.06 (Fig. 3B) . While in the S→R reaction direction, the values of pK 1e and pK 2e for dmMR are equal to 5.44 ± 0.26 and 8.19 ± 0.08 (Fig. 3D) . For tmMR-thiaLys operating in the R→S reaction direction, no ascending limb is present and the value of pK 2e is 7.74 ± 0.11 (Fig. 4B) . In the S→R reaction direction, the values of pK 1e and pK 2e for tmMR-thiaLys are 4.86 ± 0.37 (assuming an ionization in the acidic region; dashed line in Fig. 4D ) and 7.98 ± 0.04 (which is experimentally equal to the value of 7.95 ± 0.05 obtained assuming two ionizations). It is not possible to assign specifically the ionizations observed in the free enzyme (i.e. pK e values) to Lys 166 and His 297 since their roles as Brønsted acids or bases is not easily defined in the absence of a bound substrate. Interestingly, the pK e values for the free MR variants (pK 1e~5 .4 and pK 2e~8 .0) were slightly lower (especially pK 2e ) than the pK es values for the corresponding ascending and descending limbs (when present) in both the dmMR-and tmMR-thiaLys-substrate complexes (pK 1es~5 .9 and pK 2es~1 0.1), which may be attributed to a change in the microenvironment of the active site upon substrate binding.
Effect of viscosity on dmMR and tmMR-thiaLys activity
The kinetic parameters for the racemization of mandelate catalyzed by wild-type MR showed partial dependence on the viscosity of the solvent (St. Maurice and Bearne, 2002) , suggesting that the chemical step, as well as substrate association and/or product dissociation, are partially rate-limiting (Brouwer and Kirsch, 1982) , a characteristic of highly proficient enzymes. Although the catalytic efficiency of dmMR was reduced only~2-fold relative to wild-type MR, the value of the apparent k cat /K m for tmMR-thiaLys was reduced bỹ 30-fold (Table 1) . Therefore, the effect of solvent viscosity on the steady-state kinetic parameters of dmMR (Supplementary Table S3 ) and tmMR-thiaLys (Supplementary Table S4 ) in both reaction directions with either (R)-or (S)-mandelate as the substrate was examined using sucrose as a viscosogen. The relative kinetic parameters (i.e. k cat°/ k cat η and (k cat /K m )°/(k cat /K m ) η ) of both MR variants in the R→S reaction direction (Fig. 5) , and in the S→R reaction direction (Fig. 6 ) did not show any significant dependence of on the microviscosity of the solvent. These results suggested that viscosity dependent processes such as substrate binding and/or product release were no longer rate-limiting; instead, the chemical step is fully rate-limiting in the reactions catalyzed by both dmMR and tmMR-thiaLys.
Protein refolding and stability
Since dmMR is to serve as a platform for subsequent inclusion of a Cys residue at particular locations of interest for subsequent chemical modification most likely under denaturing conditions, we assessed the ability of wild-type MR, dmMR and tmMR to undergo refolding after denaturation in 6.0 M urea. After stepwise dialysis against successively lower concentrations of urea, CD spectral analyses ( Supplementary Fig. S1 ) revealed that all three variants are substantially, but not completely, refolded using the step-gradient dialysis method for reduction of the urea concentration. In fact, the wild-type enzyme exhibited the most significant difference in its CD spectrum indicating that refolding was least efficient with this variant.
To assess the stability of dmMR and tmMR, relative to wildtype MR, we used DSC to obtain melting curves ( Supplementary  Fig. S2 ). Typically, DSC thermal transitions for MR and its variants were observed to be irreversible since no reproducibility of the thermogram was observed upon subsequent rescan of sample (Sánchez-Ruiz et al., 1988) . The excess heat capacity versus temperature profile depicts an asymmetric, single transition with maximum temperatures corresponding to melting temperatures of 63.91 ± 0.09°C, 64.43 ± 0.08°C and 73.87 ± 0.01°C for wild-type MR, dmMR and tmMR, respectively. In each case, after the endothermal unfolding peak, the post-transitional trace shows irreversible exothermal aggregation at high temperature (Bao et al., 2007; Bischof and He, 2005; Goyal et al., 2014) .
Discussion
MR modulates the pK a of the Brønsted acid-base catalysts to catalyze the inter-conversion of mandelate enantiomers, e.g. when (S)-mandelate is substrate, Lys 166 acts as a Brønsted base (pK a of the conjugate acid is~6.5) and when (R)-mandelate is used as substrate, Lys 166 acts as Brønsted acid (pK a~1 0.5) Landro et al., 1994; Kallarakal et al., 1995) . Since the role of Lys 166 depends on its ionization state or pK a , it is important to determine the microscopic pK a of the ε-amino group of Lys 166 in situ.
15 N NMR spectroscopy is one of the most suitable and commonly employed methods to obtain site-specific information on the ionization state of lysine side chains (McIntosh et al., 1996; André et al., 2007) . As a prelude to such studies, we sought to generate a Cys-free variant of MR to serve as a 'platform', which would be amenable to replacement of specific residues by Cys for subsequent chemical modification (e.g. the introduction of ε-15 N-thiaLys 166).
Consequently, we explored the effects of substitution of Ser for the two Cys residues (Cys 92 and Cys 264) present in wild-type MR, but situated away from the site of catalysis (Fig. 1A) . Then, to demonstrate the utility of this 'platform', we introduced a single Cys in place of Lys 166 for subsequent site-specific chemical modification with ethylenimine to form the γ-thiaLys 166 variant. Site-directed mutagenesis and chemical modification have been used in combination to replace Lys with γ-thiaLys in many enzymes, including ribulosebisphosphate carboxylase (Smith and Hartman, 1988) , aspartate aminotransferase (Planas and Kirsch, 1992; Kim et al., 1994; Gloss and Kirsch, 1995) , acetoacetate decarboxylase (Highbarger et al., 1996) , ribonuclease A (Messmore et al., 1995) , leader peptidase (Paetzel et al., 1997) , fructose 1,6-bisphosphate aldolase (Hopkins et al., 2002) , β-lactamases and penicillin-binding proteins (Golemi-Kotra et al., 2004; Zhang et al., 2007; Kumarasiri et al., 2014) and N-acetylneuraminic acid lyase (Timms et al., 2013) . The methodology is straightforward, e.g. replacing the amino acid at the desired position with Cys and then converting this Cys to a γ-thiaLys either directly via aminoethylation of the Cys using bromoethylamine (Smith and Hartman, 1988; Gloss and Kirsch, 1995; Highbarger et al., 1996; Hopkins et al., 2002; GolemiKotra et al., 2004; Zhang et al., 2007; Olucha et al., 2012; Kumarasiri et al., 2014) , N-(β-iodoethyl)trifluoroacetamide (Schwartz et al., 1980; Sakai, 2005; Bhattacharyya et al., 2007) or ethylenimine/aziridine (Scheme 1B) (Raftery and Cole, 1966; Yoshimura et al., 1990; Hopkins et al., 2005; Li and Gershon, 2006) , or indirectly via a dehydroalanine variant using 2,5-dibromo-1,6-hexadiamide and 2-aminoethanethiol (Timms et al., 2013) . For MR, this methodology required replacement of both Cys 92 and Cys 264 by Ser residues (dmMR) before changing Lys 166 to a Cys residue to create tmMR. Conversion of Cys 92 and Cys 264 to Ser residues was not overly detrimental to enzymatic activity, with the kinetic parameters of dmMR being very similar to those of wild-type MR (Table 1) with the exception of a slight reduction in k cat in the R→S reaction direction and a concomitant slight increase in the K m value of (S)-mandelate. This suggests that neither of these Cys residues is critical for catalysis. Moreover, dmMR and wild-type MR exhibited similar stabilities based on their similar melting temperatures (T m ), furnishing additional support that substitution of serines for the wild-type Cys residues do not significantly affect the enzyme's structure. Interestingly, the T m value for tmMR was almost 10°greater than the T m values observed for dmMR and wild-type MR. This difference suggests that loss of the Lys side chain confers added stability to the protein, an effect that is also exhibited by the K166M variant (T m = 71.6 ± 0.1°C, Kumar and Bearne, unpublished observations).
In the absence of the essential Lys 166, tmMR was completely inactive (Table 1 ). The crystal structure of tmMR with bound benzilate (Nagar et al., 2014) showed that the overall structure, including the active-site architecture, is largely unperturbed (Fig. 1B and C) . Preliminary modification of tmMR using ethylenimine/aziridine and bromoethylamine suggested that the former reagent was the better aminoethylating reagent. This was not surprising since ethylenimine is inherently more reactive due to internal bond strain (Hopkins et al., 2005; Li and Gershon, 2006) . Several different experimental conditions were explored before aminoethylation of tmMR using ethylenimine under denaturing conditions, followed by refolding, was selected. This approach afforded active tmMR-thiaLys. The extent of aminoethylation was estimated using IEF after unsuccessful attempts using Ellman's reagent (5,5′-dithiobis-(2-nitrobenzoic acid) (Ellman, 1959; Riener et al., 2002) and 4,4′-dithiodipyridine (error >25%) (Hansen et al., 2007) ). IEF has been used to quantify the extent of aminoethylation of ribulosebisphosphate carboxylase (Lorimer and Hartman, 1988; Smith and Hartman, 1988) and of class A β-lactamase (Golemi- Kotra et al., 2004) . Although IEF indicated that tmMR-thiaLys focused at the same points as wild-type MR (Fig. 2) , the presence of multiple bands in both the wild-type MR and tmMR IEF gel strips hampered accurate quantification (Fig. 2) . All three bands in each strip corresponded to an intact MR monomer on a 2D gel (data not shown); therefore, these multiple bands could not arise due to proteolysis of the sample during IEF. However, such multiple bands could be a result of complexation with carrier ampholytes (Frater, 1970; Guengerich, 1979) , or electrolytic reduction of the MR samples induced by high salt concentrations during IEF (Lee and Chang, 2009) . Densitometric analysis of the bands in the aminoethylated-tmMR-containing gel strip using ImageJ (Schneider et al., 2012) suggested that~33% modification had occurred and, therefore, k cat values for tmMR-thiaLys were adjusted accordingly (Table 1) . Although kinetic characterization of tmMR-thiaLys showed a 5-10-fold reduction in catalytic efficiency (k cat /K m ) and k cat in both reaction directions relative to wild-type MR and dmMR (Table 1) , γ-thiaLys is still a reasonable replacement of Lys 166 because the catalytic efficiency of this MR variant is~100-times better than MR with an Arg substituted at position 166 (Kallarakal et al., 1995) . As mentioned above, it is important to note that although the exact concentration of tmMR-thiaLys is not known accurately, this does not affect the interpretation of the pH and viscosity studies discussed below.
The pH-dependence of V max for tmMR-thiaLys catalysis showed that the pK a of γ-thiaLys when acting as a Brønsted base (S→R) is 5.78 (Fig. 4C) , and 9.81 when γ-thiaLys acts as a Brønsted acid (R→S) (Fig. 4A) . These values are close to the pK a values of the Lys 166 in dmMR (6.21, S→R; and 10.16, R→S) ( Fig. 3A and C) and to those pK a values reported for Lys 166 in wild-type MR (~6.5, S→R; and~10.5, R→S, (Landro et al., 1991) ). The presence of sulfur in the side chain of γ-thiaLys should lower the pK a by~1 unit relative to Lys (Golemi-Kotra et al., 2004; Hermann and Lemke, 1968; Li and Gershon, 2006) . In the present study, the difference was merelỹ 0.4. Consequently, γ-thiaLys may be a good candidate to replace Lys 166 for NMR studies of the pK a shift accompanying substrate binding. Indeed, one of the goals of developing a 'platform' for the chemical modification of MR is to prepare tmMR-ε-15 N-thiaLys to study the protonation state/pK a of the side chain of residue 166 using NMR spectroscopy. Unfortunately, tmMR-15 N-thiaLys precipitated at the concentration required for NMR spectroscopy and efforts to optimize its production are required. Interestingly, the K m values showed a direct dependence on pH (Supplementary Table S2 ). At high pH, when both Brønsted acidbase catalysts are expected be uncharged/deprotonated, the substrate binding affinity of both dmMR and tmMR-thiaLys drastically decreased suggesting that a positive charge on the Brønsted acidbase catalyst is important for substrate binding. This observation is in accord with the conclusions drawn from previous ITC studies of MR binding various ligands (Nagar and Bearne, 2015) .
The kinetic parameters for the racemization of mandelate catalyzed by tmMR-thiaLys did not show any significant dependence on the microviscosity of the solvent (Figs 5 and 6, and Supplementary  Table S4 ), suggesting that the chemical step is fully rate-limiting. This result is in contrast to wild-type MR, which showed a partial viscosity dependence (St. Maurice and Bearne, 2002) indicating that the chemical step along with substrate association and/or product dissociation are partially rate-limiting (Brouwer and Kirsch, 1982) . Surprisingly, the kinetic parameters for dmMR, which has a similar catalytic efficiency to wild-type MR, were also independent of microviscosity (Figs 5 and 6, and Supplementary Table S3) . Therefore, the behavior of tmMR-thiaLys may be attributed to minor structural changes arising from the replacement of the two Cys residues with serines, and not replacement of Lys 166 by γ-thiaLys. Although the X-ray crystal structure of tmMR did not show any observable change in structure (Fig. 1B and C) , it is possible that subtle structural changes could have caused the change in the ratelimiting step.
In summary, we have demonstrated that replacement of Cys 92 and Cys 264 with Ser residues does not adversely affect the kinetic properties of MR, making this doubly mutated variant a viable platform for the site-specific introduction of a single Cys residue for subsequent chemical modification. As an example, the Brønsted acid-base catalyst Lys 166 was successfully replaced by the nonnatural lysine analog, γ-thiaLys and the kinetics, solvent viscosity dependence and pH-activity profiles characterized in both reaction directions.
Supplementary Data
Supplementary data are available at Protein Engineering, Design and Selection online.
Funding
This work was supported by a Discovery Grant from the Natural Sciences and Engineering Research Council (NSERC) of Canada (grant no. RGPIN-2016-05083) .
